Introduction
Granulation is a size-enlargement process during which small particles are formed into larger and physically strong agglomerates [1] . In wet granulation processes ( Fig. 1) , this is performed by spraying a liquid binder onto the particles as they are agitated in tumbling drum, fluidized bed, high shear mixer or similar device [2, 3] .
Coating is a process which allows to deposit on the surface of particles a thin film layer which can be of different nature: polymers, salts, sugars, etc. (Fig. 1) .
These two operations confer on powder's new properties for customers, such as hydrophobicity, masking bitterness, reducing the risks of explosion, avoiding the segregation of the constituents, improving the flow properties and the compression characteristics of the mix.
Processes of size enlargement involve the coupling of two classes of parameters. The first class corresponds to the local physico-chemical parameters dependent on the nature of the solutions and powders. The second class corresponds to the parameters of the processes which are the constraints exercised by the process equipment on the bed of powder, such as the temperature and the flow rates. The quality of the end product depends on the control of the coupling between these two families of parameters which exist in different scales. At present, the optimization of these parameters, notably the choice of solvent and binders is based on an empirical, by nature long and expensive approach.
The three principal mechanisms of wet granulation are as follows: wetting and nucleation; consolidation and growth; and attrition and breakage [4] . Inspired by Ennis' work [5, 6] , Benali et al. [7] proposed the modified capillary number Ca′ to evaluate the importance of the viscous force with respect to the adhesion work. When the Ca′ N 1, the cohesion of dynamic liquid bridges during nucleation and growth becomes greater than that of the static liquid bridges. This is attributed to the effect of viscous energy dissipation. When the Ca′ b 1, the effect of the adhesion force is dominant.
Mastering granule processing under the Ca′ N 1 regime is routine for laboratory and industrial practitioners. Mastering the Ca′ b 1 regime requires to select binders adequately. Formulating the optimum binder or coating is essential even if suitable operating conditions may bring enough mechanical energy to obtain rigid granules.
This work has for objective to develop predictive methodologies and theoretical tools of investigation allowing to choose the adequate binder or to formulate the right coating solution to assure the customer's requested properties of the end product. As such, we explore two theoretical approaches for predicting substrate-binder interactions, one based on the work of adhesion, and the other based on the ideal tensile strength. We extend the approaches to ternary systems so as to study the interactions between compounds mixed in a solvent such as hydroxypropyl-methylcellulose (HPMC) and stearic acid (SA) mixed in water. The background section gives an overview of binders and coatings commonly used in granulation processes. It also reviews some theoretical models for binary mixtures. Then, we derive the tensile strength model for ternary mixtures. The last section concerns the model testing. First, we discuss the selection of the model core data, either coming from group contribution method or from molecular simulations, and we compare them with experimental data. Second, a relationship between the surface free energy and solubility parameter is proposed for cellulose derivatives. Third, it is used next for the prediction of the interactions in binary and ternary mixtures. The predictions obtained through the tensile strength approach and the work of adhesion approach are compared and discussed.
Background

Binder and coating compounds
Cellulose derivatives such as hydroxypropyl methylcellulose (HPMC) and microcrystalline cellulose (MCC) are often used in granulation processes. Generally, HPMC is used as a protective colloid by coating hydrophobic particles with multimolecular layer and promote wetting [8] . MCC is frequently used in pharmaceuticals as a binder/ diluent in oral tablet and capsule formulations [9] . Fatty acids such as stearic acid (SA) are often added to the cellulose derivatives to enhance specific properties. For example, adding SA to HPMC leads to a decrease in the water affinity due to SA hydrophobic properties caused by its content of long-chains [10] . Stearic acid is also widely used in oral formulations as a tablet and capsule lubricant [11] . Another additive is the polyethylene glycol (PEG), which can be used in various polymerization grades. Their main advantage over fatty acids is their physical and thermal stability on storage. However, they are chemically more reactive than fats [12] and have only limited binding action when used alone. PEG are often used as plasticizers [13] or added to pharmaceutical mixtures to improve their mechanical properties [14] .
Theoretical models and equations
In order to predict the affinity between the different compounds, we need to calculate the work of adhesion and the ideal tensile strength. These quantities can be obtained using the Hildebrand [15] solubility parameter δ which can be estimated by experimental methods or by using molecular simulation.
Hildebrand solubility parameter δ
As Barton [16] asserted in his handbook of solubility parameters, many properties of polymers can be related to the Hildebrand solubility parameter δ which is proportional to the square root of the cohesive energy density e coh . This parameter describes the intra-and intermolecular forces of a substance. It can also be expressed in terms of the individual Hildebrand parameters describing two contributions to the cohesive energy, namely, the non-polar Van der Waals dispersion forces δ d , and the polar interactions (electrostatic) δ p . Hydrogen bonding interactions δ h are included here in the polar contribution:
Experimentally, there are numerous methods for Hildebrand solubility parameter determination such as the homomorph method [16] , the maximum-in-swelling method often used for the determination of solubility parameters of crosslinked polymers [17] , and inverse gas chromatography [18] . Many scientists including Hansen [19] , Van Krevelen [20] , Hoy [21] and Small [22] and recently Yamamoto (HSPiP [23] ) have proposed correlations and lists of contributions for various chemical groups.
In molecular simulation, the Hildebrand solubility parameter can be calculated from the pair potential by summing the pairwise interactions [24] . The cohesive energy density is equal to minus the intermolecular energy, i.e. the intramolecular energy minus the total energy:
With n the number of molecules in the simulation cell, N av the Avogadro number, and k = 1, 2, are the van der Waals energy (dispersion) and the coulombian energy (polar) respectively. "b N" denotes a time average over the duration of the dynamics in the canonical ensemble NVT, V cell the cell volume, the index "i" refers to the intramolecular energy of the molecule i, and the index "c" represents the total energy of the cell. Calculation of the Hildebrand solubility parameter will permit us to estimate the work of adhesion and the ideal tensile strength.
The work of adhesion and cohesion
The energy required to separate unit areas of two surfaces A and B from contact is referred to as the work of adhesion (W AB ), and for surfaces of the same material, this is called the work of cohesion (W AA ). Girifalco and Good [25] have expressed the work of adhesion in terms of the surface free energy of the pure phases by: Here, ϕ I is a parameter that depends on the repulsive potential constants, γ A and γ B are the surface free energy of material A and material B respectively, ϕ V is a parameter that depends on the molar volume of the compounds. The full expression of this equation is given in Appendix A.
As stated by Wu [26] , the utility of this equation is limited, because ϕ I is an empirical parameter and its calculation remains questionable especially for polymers.
A similar expression of the work of adhesion was also proposed by Wu [26] :
where φ AB is a parameter that depends on the surface free energy and the molar volume of each compound. The full expression of Wu's equation is given in Appendix A. However, this equation depends on the surface free energy which is obtained by time consuming experimental methods.
In this context, a relationship between solubility parameter and surface free energy was presented by Hildebrand in 1950 [15] :
In 1967, Gardon [27] asserted in his treatise that this equation reasonably holds for a variety of materials for which he assumed that k = 16. This constant k varies only between certain limits according to the type of molecules [16] and should be constant for a variety of materials [28] .
We will use this relationship in Section 4 to develop equations of the work of adhesion as a function of the Hildebrand solubility parameter which we can estimate using molecular simulation.
The ideal tensile strength
The work of adhesion and the ideal tensile strength involve the same force by which two materials attract each other when an attempt is made to separate them. Whereas, the tensile strength divides this force by the cross section of the materials, the work of adhesion integrates this force through the distance between the materials. Gardon [27] defined the tensile strength σ AB max as the maximum stress that can support the interface between two materials A and B. He related it to the work of adhesion between two materials (A and B) separated by a potential equilibrium distance d AB 0 :
Gardon used Eq. (3) proposed by Girifalco and Good [25] into Eq. (5) and, by expressing the equilibrium distance d AB 0 as the distance between the neighboring spherical sites of material A and material B, he ended up with the ideal tensile strength equation in terms of the solubility parameter:
Here, σ AB max is in J·cm −3 and δ in (J·cm . These equations take into consideration the parameter ϕ V which takes into account the different sizes of the interacting spherical sites.
Rowe [29] aimed at finding an expression for the ideal tensile strength in terms of the solubility parameter. He started with Gardon's expression (Eq. (6)) to obtain the ideal tensile strength using the work of adhesion. Then, he used Hildebrand's Eq. (5) with a k value k = 16 to substitute the surface free energy by the Hildebrand solubility parameter in Wu's Eq. (4) . He ended up with the following expression:
where σ AA max and σ BB max are the ideal tensile strength for compound A and compound B respectively, σ AB max is the maximum adhesive tensile strength between A and B.
The application of Rowe's model to real systems was partially conclusive at first because of the inaccuracy of the solubility parameter calculation approach that mixed Hoy and Van Krevelen group contribution methods [30] . Benali [31] adopted the same model but, instead of the group contribution methods, he used molecular simulation to calculate the solubility parameter. This approach provided better prediction of binary system affinity in accordance with experiments.
Furthermore, a closer examination of Rowe and Gardon's derivation shows two differences: the constant multiplier was approximated by Rowe from 0.2452 to 0.25. Furthermore, if we follow Rowe's derivation method from Gardon's [27] expression, we should obtain the following formula for the ideal tensile strength which differs from Rowe's Eq. (8) by the factor ϕ V :
The two equations (Eqs. (7) and (9)) are still based on the use of the constant k = 16 proposed by Gardon [27] . We will propose a more general expression in Subsection 4.1.
Materials and methods
Materials and their properties
The compounds chosen in this study are as follows: polyvinylpyrrolidone (PVP), microcrystalline cellulose (MCC) (Avicel PH102), hydroxypropyl-methylcellulose (HPMC), ethyl cellulose (EC), niflumic acid (NA), purified stearic acid (SA), polyethylene glycol (PEG), cellulose acetate (CA), nitrocellulose (NC) and water. The molar parachor of polymer was calculated using correlation (B.2) in Appendix B. For acids and water we used the structural contribution method of Sugden [32] .
The properties of the different compounds are displayed in Table 1 . From Table 1 , we can see that the agreement is reasonable between the values of the total surface free energy obtained by the parachor (see Appendix B) method and those estimated experimentally from the contact angle method.
The aqueous solution used in coating and agglomeration processes is a multicomposite polymer dispersion. This includes the film forming polymer, insoluble or unstable film additives or surfactants to promote spreading, and plasticizers to impart flexibility, improve flow and reduce brittleness. Thus, one of the major issues in the particle size enlargement process is the selection of suitable compounds and the elaboration of a stabilized dispersion (colloidal solution). The stability of these solutions strongly depends on the interactions between the constituents of the mixture in the presence of a solvent which is often water.
Once the coating or binder solution is sprayed onto the powders through the various unit processes, it will result in the formation of a continuous film on the surface of particles during the coating, or in the formation of solid bridges between the grains during agglomeration (see Fig. 1 ). The particles get closer during the drying process and the interparticle forces makes the particles eventually coalesce with each other, and cause the spheres to fuse, resulting in a coated film or solid bridges between the primary particles (see Fig. 2 ).
The properties of the final product depend on the affinity between the surface of the powder and the pulverized solution. It depends also on the interactions between the different components (polymers, fatty acids, solvent…) involved in the formulation of the composite coating agent.
In this article, we used the experimental finding of Laboulfie [14] regarding the coating of solid particles by an aqueous solution containing HPMC as a matrix for film formation (67% of dried material), micronized SA as a hydrophobic filler (20% of dried material) and polyethylene glycol as a plasticizer (13% of dried material).
During polymeric solution preparation (see Fig. 3 ), the hot aqueous solution of HPMC is mixed with the PEG plasticizer and the SA hydrophobic filler. Then nucleation occurs as the particles gather together by affinity. Typically, hydrophobic SA particles gather away from water, whereas HPMC and PEG can dissolve in water. After cooling, the fine particles of SA will be stabilized by HPMC. HPMC polymer is able to form a gel network. This gel will entrap SA particles and prevent them from getting close in the range of attractive forces.
During film formation by drying, the evaporation of the interstitial water leads to the formation of liquid bridges between the HPMC polymer chains. The final composite film of HPMC and PEG incorporates crystal inclusions of PEG and SA [33] (see Fig. 3 ). The presence of crystals of SA in the interstitial space between the molecules of HPMC reduces the interactions between the polymer chains and, therefore, prevents their coalescence. An increase in the drying temperature leads to the formation of smaller crystals of PEG in the liquid bridges. Thus, the lack of contact between the polymer chains due to the presence of SA crystals is replaced by the contact between HPMC and PEG molecules. This will improve the plastic properties of the dry coating film.
Molecular simulation
For the computation of the solubility parameters, we run molecular simulations in the canonical ensemble NVT with the Forcite ® module of the Material Studio Suite release 7 [34] . Simulations are run over 500 ps with a time step of 1 fs. The temperature is set at T = 298 K and controlled by using a Nose Hoover thermostat. The experimental densities listed in Table 1 are used to set the simulation box volume. Energy and pressure stability were checked. The last 50 ps is used for averaging potential energy components. The average cohesive energy is computed to derive the solubility parameter by using Eq. (2). The standard deviation method can be evaluated from the block averages' method [35] .
Depending on the components, COMPASSII and PCFF forcefields were used with their predefined atom type parameters and the results were compared. Both molecular dynamic forcefields describe the energy of interaction by adding an intramolecular contribution accounting for bond stretching, bending and torsion, and an intermolecular contribution term accounting for Van der Walls and coulombian interactions. Van der Waals interaction was truncated by a spline function after 15.5 Å. For the coulombian interaction, partial charges were assigned by the predefined forcefield equilibration method, while the Ewald summation was used to account for the long range interactions.
Affinity prediction model for binary and ternary mixtures
The previous equations of the work of adhesion and the ideal tensile strength are only relevant to binary systems. In, this section, we will generalize these equations to our selected materials, and we will extend the ideal tensile strength to ternary systems. The resulting equations are then used to predict the affinity between granulation materials in binary and ternary systems.
Generalization of the work of adhesion and tensile strength formula
Rowe recognized that his model (Eq. (8)) was oversimplified and did not have a general validity [29] . We have already mentioned that Rowe's derivation should lead to Eq. (9) where a factor ϕ V 1/2 was omitted by Rowe. We can further generalize Rowe's equation by removing the assumption that k = 16: The appropriate choice of the factor k should depend on the compound of interest. Hence, if we consider the general form of Hildebrand relationship:
where k′ = k 1/2 and m are constants that depend on the type of material,
, v in cm 3 ·mol −1 . We obtain the general expressions of the ideal tensile strength:
where σ AB max is in J·cm −3 and δ in cal Following the same route of computation, the work of adhesion described by Eq. (4) becomes:
where W AB is in mJ·m 
Extension of the ideal tensile strength model to ternary systems
In this section, we extend relationship (9) proposed by Gardon for the ideal tensile strength for a binary mixture in vacuum to ternary mixtures where the substrates are dispersed in a third medium.
According to Israelachvili [36] , the work of adhesion between two products A and B in a medium C is related to the process of building A-B agglomerates (adhesion of A and B alone) in a medium C (cohesion of C alone) against the solubilization of A and B in C (work of adhesion of A and C, and B and C respectively). It has the following form:
Similarly, the work of cohesion of A in a medium C is given by:
By implementing the equation of work of adhesion in a third medium given by Israelachvili [36] in the process of resolution followed by Gardon [27] , we derive the relationship between the total work of adhesion W ACB and the ideal tensile strength σ ACB max in third medium, along with an expression of the equilibrium distance at zero potential energy d ACB 0 : 
The detailed demonstration is given in Appendix B. Using Eq. (18), Eq. (20) can be rewritten as:
Combining Eqs. (21) and (22), we obtain:
According to Eq. (20) , the ideal tensile strength σ ACB max is proportional to the work of adhesion W ACB , thus, by analogy with the conclusions of Barra [30] and Benali [31] , we can state that in a ternary system (see also The same predictions were stated by Israelachvili [36] but in terms of the work of adhesion of two compounds placed in a third medium.
Model application and discussion
Before applying the above equations to predict the affinity in binary and ternary systems, we discuss the values of the solubility parameters. Table 2 compares experimental solubility parameters with those predicted by the Yamamoto method [23] and by molecular simulation. . γ and δ of celluloses derivatives are obtained from literature.
Solubility parameter calculated by different methods
For the molecular simulation of polymers, the number of repeating unit was chosen so that the solubility parameter remains constant in case of further increasing of the repeating unit. Results are displayed in Fig. 5 . The number of repetition unit was fixed to 8 for MCC, PVP and EC, and 5 for HPMC.
The average value of the cohesive energy density is obtained for all compounds from the last 50 picoseconds (ps) of the 500 ps dynamic simulation, spanning 500,000 time steps. However, getting a good estimation of the average standard deviation in molecular dynamics simulation requires typically over several millions of time steps, which are practically difficult to obtain in a reasonable lapse of time. Indeed, the average standard deviation must be computed over uncorrelated frames. This can be achieved by using the block average variance method [35] . Its application to simple system, like Lennard Jones fluids [37] shows that the average standard deviation over uncorrelated frames is at least one order of magnitude greater than the standard deviation computed directly from the molecular dynamics frame trajectory. Its application to the real systems we studied was not possible in a reasonable lapse of time; therefore we estimated the average standard deviation as ten times the standard error given by Forcite [34] .
The number of molecules distributed initially in the simulation cell has very little effect on the values of the solubility parameters [31] . Generally four polymer chains are sufficient, although for very high molecular weights even one chain can be adequate [24] . We have 10 molecules per cell for PVP, MCC, PEG400 and SA, 8 molecules per cell for HPMC, 6 molecules per cell for CA and NC, 30 molecules per cell for NA, 40 molecules per cell for PEG200 and 100 molecules per cell for water. Larger number will increase the computational effort. Table 2 shows that experimental Hildebrand solubility parameters are close to the COMPASSII forcefield and HSPiP results. Concerning water, only the PCFF forcefield gives a dispersive contribution to the solubility parameter, consequently, in this study, we will compare the solubility parameter predictions obtained from HSPiP and COMPASSII forcefield, except for water where we will use PCFF forcefield values. 
Relationship between solubility parameter and surface free energy for cellulose derivatives
For computing the work of adhesion (Eq. (17)), we need to select constants k′ and m that come from Eq. (10). Hildebrand [15] used k′ = 4.1 and m = 0.43 when δ is in cal
. Gardon [27] proposed k = 16 (k′ = 4) and m = 0.5 for organic acids and molten metals, which gave an error on the ideal tensile strength usually below 25% for the systems he studied. For water he proposed (k′ =4.376) and m = 0.5. From simple statistical thermodynamic considerations, Bonn [38] related the solubility of polymers to the surface tension and obtained k = 11.5 (k′ = 3.39) by regression analysis. For compounds which do not contain OH, COOH and a COH groups, Sheldon [39] proposed k = 14.0 (k′ = 3.74) with m = 1, and k = 35.13 (k′ =5.927) with m = 0.45 otherwise:
For cellulose polymers, we regress an expression by using the Hildebrand solubility parameter values over the data of 5 compounds; MCC, HPMC, EC, CA and NC. The theoretical best fit line is shown in Fig. 6 .
The following expression was obtained: Table 3 collects the prediction of the work of cohesion calculated using the various correlations cited above and compares them with the experimental values of the work of cohesion W AA = 2γ (for when A = B). The solubility parameter in the correlations is obtained by molecular simulation using the COMPASSII forcefield.
In Table 3 , the results obtained using Eq. (25) are close to the experimental values for MCC, HPMC, EC and PEG. Gardon's [28] correlation is close to the experimental values for acids and water. For PVP, Bonn's [38] correlation is the closest. Therefore, we select the corresponding best fit values: k′ = 4 for acids, k′ = 3.01 for PVP, k′ = 4.376 for water, and Eq. (25) for the celluloses derivatives and PEG. 
Prediction of the interactions in binary mixture
By using the k′ and m values in Eq. (17), we calculate the work of adhesion and cohesion in a binary system. The results obtained by molecular simulations and by Yamamoto's molecular breaking method (HSPiP) are presented in Tables 4 and 5 respectively.
We can also calculate the ideal tensile strength in binary mixtures by using Eq. (13) . The ideal tensile strength values obtained by molecular simulation are shown in Table 6 , and those obtained using the Yamamoto's molecular breaking method (HSPiP) are presented in Table 7 .
By comparing the adhesion and cohesion work values (Tables 4 and  5 ) and the ideal tensile strength results (Tables 6 and 7) , we predict the affinity between the different compounds (Tables 8, 9, 10 and 11). The adhesive and the tensile approach being derived from the same core show similar predictions.
In all cases, we have W HPMC-HPMC b W HPMC-NA b W NA-NA , this means that HPMC will adhere over the particles of NA. Moreover, as first observed experimentally by Barra [30] , and recently reviewed by Benali [31] , HPMC particles surround NA particles.
According to the work of adhesion predictions obtained on the basis of molecular simulation, the particles of EC interact neither with NA nor with HPMC (Table 9 ). This was also observed by Barra [30] . However, the tensile approach predicts that the particles of EC tend to adhere over the particles of NA (Table 9 ). This suggests that the adhesion approach gives more accurate predictions than the tensile approach. It's worth mentioning here that Barra observed also a low interaction between NA and EC for medium sized particles, where EC tends to adhere over the particle of NA, which may explain the disagreement between the predictions obtained with the adhesion approach and those obtained with the tensile strength approach in the case of the couple EC-NA. 
Table 11
Interactions predicted for PEG200 and PEG400. Moreover, the predictive results based upon both approaches (tensile strength and work of adhesion approach) indicate that HPMC would be a good binder for MCC substrate (Table 9 ) and consequently will produce rigid agglomerates. In their work on the interactions between HPMC and MCC, Benali [31] and Lovorka et al. [40] arrived to the same conclusion.
However, no interactions are observed in the case of HPMC-SA mixture which may results in friable agglomerate or coating film. To improve the properties of this mixture, one way is to add another compound compatible with SA and HPMC. Predictions obtained using molecular simulation show good affinity between PEG400 and both HPMC and SA (see Table 11 ). One could suspect that the addition of PEG400 to the SA-HPMC mixture should indirectly improve the consistency of the resulting agglomerate. This actually corresponds to the conclusions of Laboulfie et al. [33] where they stated that adding PEG to the HPMC-SA mixture will enhance the mechanical properties of the resulting composite coating.
In the light of the previous analyses, we conclude that the predictions obtained on the basis of molecular simulation calculations reproduce the available experimental observations, especially in the case of the adhesion work approach.
Prediction of the interactions in aqueous system: dispersion of substrate in a third medium
The work of adhesion and cohesion of different polymers and acids placed in water are calculated using the Israelachivili's relationships (18) and (19) . The results based upon molecular simulation are presented in Table 12 , and those obtained using the Yamamoto's molecular breaking method (HSPiP) are presented in Table 13 .
We notice that the work of adhesion is positive for all the materials. Following Israelachivili's [36] conclusions, all the compounds should aggregate in water; furthermore, the water doesn't penetrate between the compounds which means that there is a spreading of one of the compounds over the other, or that the two compounds will self-associate in water without interacting. This can be explained by the high cohesive energy between water molecules, i.e. the interactions between them are much more attractive than their attraction with the other molecules.
The ideal tensile strength in ternary mixtures is calculated by using Eq. (23) . The results based upon molecular simulation are presented in Table 14 and those obtained using the Yamamoto's molecular breaking method (HSPiP) are presented in Table 15 .
First, we notice that the cohesion work and adhesion work in water obtained using the HSPiP data are much smaller than those obtained with COMPASSII and PCFF forcefield data. We state that this happens because the PCFF forcefield underestimates the dispersive contribution of the solubility parameter of water compared to HSPiP (see Table 2 ).
Regarding the prediction of affinity, for all methods, MCC has the lowest work of adhesion and cohesion in water, this imply that for all the mixtures, MCC will most likely adhere on the surface of the other compounds when they are dispersed in water.
The magnitude of interaction and therefore the affinity between compound A and compound B in a medium C is proportional to minus W BAC (W BAC = W ACA − W ACB ). This also means that, in the presence of water, if minus W BAC is high, the film formed in the surface of the stronger cohesive material will be thicker; this is identified in the case of the couple MCC-EC where minus W MCC-EC-Water is the highest (Table 12 ). Although they differ from the type of input data that they use (HSPiP vs. COMPASSII/PCFF forcefield), both solubility parameter calculation methods tend to give similar predictions.
Overall, the affinities, obtained through the ideal tensile strength and the work of adhesion based upon molecular simulation, are similar in 75% of the systems.
As expected, because of their low cohesion strength in water, MCC molecules surround the other compounds (Table 16 ). This also can be explained by the high hydrophilic character of the MCC.
Also, in the case of HPMC-SA, whereas no interactions are observed between SA and HPMC in the absence of water (Table 9 ), HPMC will adhere on the surface of SA (Table 17) when they are placed in water. It's a rather foreseeable result, since HPMC is a hydrophilic polymer and SA is a hydrophobic acid. In practice, a clear solution is obtained by dispersing HPMC in water, whereas, a white colored solution is obtained for HPMC-SA mixture in water. As explained by Laboulfie [33] , HPMC will generate a repulsive force on the surface of SA which will stabilize the mixture and prevent the agglomeration of SA particles, thus explaining the behavior that we sketched in Fig. 3 .
The same conclusions are obtained for the couple HPMC-EC: HPMC will surround the hydrophobic particles of EC.
According to the tensile approach calculated using molecular simulation, there is no interactions between SA and PEG200 nor between EC and PEG200 (Table 19 ). On the other hand, the adhesion approach predicts that PEG200 will adhere over SA and over EC when placed in water which is in accordance with the fact that PEG200 is a hydrophilic polymer and SA and EC are both hydrophobic.
These conclusions lead to the suggestion that the work of adhesion approach may give better predictions than the tensile strength approach. Furthermore, the polarity of PEG400 is lower than that of PEG200, which means that PEG400 is less hydrophobic than PEG200. This was actually observed by Oelmeier [41] who stated that PEG with higher molecular weight have lower polarity and hence are less hydrophilic. This implies that, as we shift from PEG200 to PEG400, HPMC particles should surround PEG, and, as shown in Table 17 , this is predicted by the work of adhesion approach. This was also observed experimentally by Laboulfie [33] for PEG1500. Additionally, the adhesion work approach predicts that PEG200 surrounds PEG400 which is in adequacy with the previous statements.
Conclusion
In this study, two approaches to predict the affinity between polymers and acid in binary mixture were analyzed and compared; the tensile strength approach and the work of adhesion approach. To extend the study to any compounds used in coating and granulation processes, the work of adhesion and the tensile strength formula were generalized with the inclusion of Hildebrand's solubility parameter. A correlation between surface free energy and solubility parameter for cellulose derivative was proposed. It yielded values for the work of cohesion in good agreement with those measured.
In the case of a ternary mixture, we derived an equation for the ideal tensile strength. This equation hints at which compound would predominantly surround the other in ternary mixtures.
The two models were applied to binary and ternary systems. The binary mixtures included a film forming polymer (HPMC), a hydrophobic filler (SA), a plasticizer (PEG), a binder/diluant (EC and MCC) and a . In ternary systems, water was added as a solvent to the previous mixtures. The two models gave similar results in good agreement with the available experimental observations overall, but the work of adhesion approach might give more accurate predictions than the ideal tensile strength approach. The prediction obtained using the work of adhesion confirmed the experimental observations of Laboulfie et al. [33] : SA particles are stabilized by HPMC particles in water. Also, the addition of PEG400 to the mixture holds the SA and HPMC particles together and consequently enhance the consistency of the formed hydrophobic film. The affinity between particles in aqueous systems is better when their interfacial nature is the opposite.
Appendix A. Work of adhesion equations
The full expressions of the work of adhesion given by Girifalco and Good [25] and Wu [26] are shown in the following table:
Here, in Table A .1, in Girifalco and Good expression, the ε's are the repulsive potential constants, v A and v B the molar volumes of materials A and B respectively, γ A and γ B are the surface free energy of A and B respectively. For polymer molecules, it's better to interpret v as the molar volume of the polymer segment or the repeat unit [16] .
In the expression of the work of adhesion proposed by Wu, x i p and x i d are the polar and the nonpolar fraction of phase i, and the ratios g A and g B are defined by the ratio of the surface free energy.
Appendix B. Surface free energy calculation using the molar parachor
The surface free energy is the thermodynamic work to be done per unit area of surface extension and as such is a manifestation of the intermolecular forces. Its value can be obtained indirectly from contact angle measurement of two liquids of known polarity or from empirical correlations to estimate the surface free energy. For polymers we have used the correlation with the molar parachor P [32] :
Here, γ is the surface free energy and v is the molar volume. Here, N (carbon atoms with Ω = Ω v ) equals to the number of carbon atoms which are singly bonded to all of their neighbors, N (carbonyl groups) is the total number of carbonyl (\C_O), N (\S\) , N Br and N F are the numbers of sulfur atoms in the lowest (divalent) oxidation state, bromine atoms, and fluorine atoms, respectively, in the repeat unit. For non-polymer compounds, we used the structural contribution method of Sugden found in Bicerano Book [32] . Table 19 Interactions predicted for PEG200 and PEG400. This distance can be rewritten using the following relationships [27] : If the sites are in contact, spherical and identical, d AB 0 is the distance between the center of the neighboring sites of particle A and particle B. Henceforth, as Gardon suggested, we can write: The maximum tensile strength σ ACB max between compounds A and B placed in a third medium is obtained by solving:
